This paper book of 300 pages presents theory implemented by sixty subroutines, all included in the book, which in turn made the book's 150 figures. Behind the paper book are about seventy figure-making directories, a large volume of Stanford Exploration Project utility software, and some real datasets you can experiment with if you have access to the electronic form of the book. I made nearly all of the figures myself. Even without the electronic book, from the printed subroutines only, you should be able to produce results similar to mine and, beyond this, use the subroutines in your own work.
If you have access to the electronic form of this book, you can read it from a computer screen and press the buttons in the figure captions to rebuild and redisplay the figures. Some of the figures are in color, some are interactive, and some are movies. But this is not the goal of the electronic book. Its goal is to enable you to reproduce all my figures with reasonable ease, to change parameters, to try other datasets, to modify the programs, and to experiment with the theoretical concepts.
I could have written the programs in this book in vanilla Fortran or C and suffered the verbosity and blemishes of these languages. Instead I chose to write the programs in a Fortran dialect that, like mathematics, is especially suited to the exposition of 1 AT&T 2 Adobe Systems, Inc. 3 Massachusetts Institute of Technology technical concepts. At Stanford we translate these programs to Fortran automatically by passing them first through a home-made processor named sat, which overcomes Fortran's inability to create temporary arrays of arbitrary dimension, and second through AT&T's Ratfor (Rational Fortran) preprocessor. If you wish, a program called f2c, freely available from AT&T, will translate the Fortran to C.
My goal in writing the programs in this book was not to write the best possible code with the clearest possible definitions of inputs and outputs. That would be a laudable goal for a reference work such as Numerical Recipes (Press et al.) . Instead, I present a full mathematical analysis with simple and concise code along with meaningful examples of its use. I use the code as others might use pseudocode-to exemplify and clarify the concepts. These programs, which also made the book's figures, are not guaranteed to be free of errors. Since the word processor and the compiler got the programs from the same place, however, there can be no errors of transcription.
Why another book?
I decided to write this book for five reasons. First, seismologists and explorationists, as well as many others in science and engineering, share the ability to synthesize the data implied by any physical model. They have much to learn, however, about "inverse modeling," that is, given the data, the process of finding the most appropriate model. This task is also called "model fitting," words that hardly hint at the ingenuity that can be brought to bear. There is no shortage of books about least-squares regression, also called "inversion." These books provide a wide range of mathematical concepts-often too many, and often with no real examples. In my teaching and research I have found that people are mostly limited, not by lack of theory, but by failure to recognize where elementary theory is applicable. To cite an example, "zero padding" is a tiny bit of technology used nearly everywhere, but few people seem to recognize its mathematical adjoint and so are ill prepared to invoke (A ′ A) −1 A ′ d or set up a conjugate-gradient optimization. Therefore, a keystone chapter of this book shows how adjoint operators can be a simple byproduct of any modeling operator. In summary, the first reason I am writing this book is to illuminate the concept of "adjoint operator" by examining many examples.
The second reason for writing the book is to present the conjugate-gradient optimization algorithm in the framework of many examples. The inversion theory found in most textbooks, while appearing generally applicable, really is not. Matrix inversions and singular-value decompositions are limited in practice to matrices of dimension less than about one thousand. But practical problems come in all dimensions, from one to many millions (when the operator is a multidimensional wave equation). Conjugategradient methods-only beginning to find routine use in geophysics-point the way to overcoming this dimensionality problem. As in the case of inversion, many books describe the conjugate-gradient method, but the method is not an end in itself. The heart of this book is the many examples that are set up in the conjugate-gradient framework. Setting up the problems is where ingenuity is required. Solving them is almost routine-especially using the subroutine library in this book.
My third reason for writing the book is much narrower. Seismogram deconvolutionby far the largest use of geophysical inversion theory-is in a state of disarray. I see serious discrepancies between theory and practice (as do others). I believe the disarray stems from a tendency to cling to a large body of old quasi-analytic theory. This theory had a place in my first book, Fundamentals of Geophysical Data Processing, but I have omitted it here. It can be replaced by a simpler and less restrictive numerical approach.
My fourth reason for writing the book is to illuminate the place of missing seismograms. Much data is analyzed assuming that missing data is equivalent to zero-valued data. I show how to handle the problem in a better way.
Finally, I am writing this book to illuminate the subtitle, Processing versus Inversion, by which I mean the conflicting approaches of practitioners and academics to earth soundings analysis.
This book should be readable by anyone with a bachelor's degree in engineering or physical science. It is easier for students to use than my first book, Fundamentals of Geophysical Data Processing. It is written at about the level of my second book, Imaging the Earth's Interior.
Organization
Page numbers impose a one-dimensional organization on any book. I placed basic things early in the book, important things in the middle of the book, and theoretical, less frequently used things at the end. Within chapters and sections, this book answers the questions what and how before it answers why. I chose to avoid a strictly logical organization because that would result in too much math at the beginning and too long a delay before the reader encountered applications. Thus, you may read about a single subject at different points in the book. It is not organized like an encyclopedia but is ordered for learning. For reference, please make use of the index.
Dedication
I am especially indebted to all those students who complained that I did not give enough examples in my classes. (Even with access to the book in its present form, they still complain about this, so there is work left to do.)
Acknowledgements
In this book, as in my previous book, Imaging the Earth's Interior, I owe a great deal to the many students at the Stanford Exploration Project. The local computing environment from my previous book is still a benefit, and for this I thank Stew Levin, Dave Hale, and Richard Ottolini. In preparing this book I am specially indebted to Joe Dellinger for his development of the intermediate graphics language vplot that I used for all the figures. I am also very grateful to Kamal Al-Yahya for converting my thinking from the troff typesetting language to L A T E X, for setting up the initial structure of the book in L A T E X, and for the conversion program tr2tex (which he made publicly available and which is already widely used) that I needed to salvage my older materials. I have benefited from helpful suggestions by Bill Harlan and Gilles Darche. Biondo Biondi, Dave Nichols, and I developed the saw and sat Fortran preprocessors. Dave Nichols found the cake document maintenance system, adapted it to our local needs, and taught us all how to use it, thereby giving us a machine-independent software environment. Martin Karrenbach implemented the caption pushbuttons and had many ideas for integrating the paper book with the interactive book. Steve
Introduction
Prospecting for petroleum is a four-step process: (1) echo soundings are recorded; (2) they are analyzed for reflections; (3) the reflections are interpreted as a geological model; and (4) the prospect is tested by drilling. The first two stages, data acquisition and analysis, are on a worldwide basis a multibillion-dollar-per-year activity. This book describes only the echo soundings analysis. Together with my 1985 book, Imaging the Earth's Interior, it provides a complete introduction to echo soundings analysis.
The subtitle of this book, Processing versus Inversion, places the book equidistant from two approaches, one generally practical and industrial and the other generally theoretical and academic. This book shows how the two approaches are related and contribute to each other.
Adjoint processing defined
"Data processing" in earth soundings analysis could mean anything anybody does to seismic data. A narrower definition is those processes that are routinely applied in industry, such as those described in Oz Yilmaz's book, Seismic Data Processing. As we will see in chapter ?? of this book, much of echo soundings analysis can be interpreted as the adjoint of seismogram modeling. Here we use the word "adjoint" in the mathematical sense to mean the complex conjugate of the matrix transpose. Not all processes can be accurately characterized as the adjoint to seismogram modeling, but many can, including normal moveout, stacking, migration, dip moveout, and more. Since these are the heavyweights of the industry, the simple word "processing" can almost be understood to stand for "processing by adjoint modeling." As we will see, such processing applied to perfect data generally gives an imperfect result. This imperfection leads thoughtful people to the concept of inversion.
Inversion defined
Principles of physics allow us to calculate synthetic data from earth models. Such calculations are said to solve "forward" problems. In real life we are generally interested in the reverse calculation, i.e., computing earth models from data. This reverse calculation is called "inversion." The word "inversion" is derived from "matrix inversion." Despite its association with the well-known and well-defined mathematical task of matrix inversion, echo sounding inversion is not simple and is often ill defined. Inversion promises to give us an earth model from our data despite the likelihood that our data is inaccurate and incomplete. This promise goes too far. Inversion applied to perfect data, however, can give a perfect result, which makes inversion more appealing academically than processing by adjoint modeling.
Processing versus inversion
Practical people often regard inversion theorists with suspicion, much as one might regard those gripped by an exotic religion. There is not one theory of inversion of seismic data, but many-maybe more theories than theoreticians. The inventors of these theories are all ingenious, and some are illustrious, but many ignore the others' work. How can this be science or engineering? The diversity of viewpoint arises from the many practical problems that need to be solved, from the various ways that noise can be modeled, from the incompleteness of data, and above all, from the many approaches to simplifying the underlying model.
Practitioners too are a diverse group of shrewd and talented people, many illustrious in their highly competitive industry. As a group they have the advantage of the "real world" as a helpful arbitrator. Why do they prefer a adjoint operator when the correct answer, almost by definition, stems from the inverse? Adjoint processing requires no more than the data one has actually collected. It requires no noise model, never uses divisions so cannot divide by zero, and often uses only additions (no subtractions) so cannot amplify small differences. Anyone taking the first step beyond adjoint processing loses these supports. Unfortunately, adjoint operators handle missing data as if it were zero-valued data. This is obviously wrong and is known to limit resolution. I hope to illuminate the gaps between theory and practice which are the heart and soul of exploration seismology, as they are of any living science.
Fortunately there is a middle way between adjoint processing and inversion, and this book is a guide to it. Adjoint processing and inversion stand at opposite ends of the spectrum of philosophies of data processing, but, as we will see in chapter ??, adjoint processing is also the first step of inversion. Whether the second and any subsequent steps are worthwhile depends on circumstances.
The theme of this book is not developed in an abstract way but instead is drawn from the details of many examples: normal moveout, stacking, velocity analysis, several kinds of migration, missing data, tomography, deconvolution, and weighted deconvolution. Knowing how processing relates to inversion suggests different opportunities in each case.
Linear inverse theory
In mathematical statistics is a well-established theory called "linear inverse theory." "Geophysical inverse theory" is similar, with the additions that (1) variables can be sample points from a continuum, and (2) physical problems are often intractable without linearization. Once I imagined a book that would derive techniques used in industry from general geophysical inverse theory. After thirty years of experience I can report to you that very few techniques in routine practical use arise directly from the general theory! There are many reasons for this, and I have chosen to sprinkle them throughout discussion of the applications themselves rather than attempt a revision to the general theory. I summarize here as follows: the computing requirements of the general theory are typically unrealistic since they are proportional to the cube of a huge number of variables, which are sample values representing a continuum. Equally important, the great diversity of spatial and temporal aspects of data and residuals (statistical nonstationarity) is impractical to characterize in general terms.
Our route
Centrally, this book teaches how to recognize adjoint operators in physical processes (chapter ??), and how to use those adjoints in model fitting (inversion) using leastsquares optimization and the technique of conjugate gradients (chapter ??).
First, however, we review convolution and spectra (chapter ??) discrete Fourier transforms (chapter ??), and causality and the complex Z = e iω plane (chapter ??), where poles are the mathematically forbidden points of zero division. In chapter ?? we travel widely, from the heaven of theoretically perfect results through a life of practical results including poor results, sinking to the purgatory of instability, and finally arriving at the "big bang" of zero division. Chapter ?? is a collection of solved problems with a single unknown that illustrates the pitfalls and opportunities that arise from weighting functions, zero division, and nonstationarity. Thus we are prepared for the keystone chapter, chapter ??, where we learn to recognize the relation of the linear operators we studied in chapters 1-3 to their adjoints, and to see how computation of these adjoints is a straightforward adjunct to direct computation. Also included in chapter ?? are interpolation, smoothing, and most of the many operators that populate the world of exploration seismology. Thus further prepared, we pass easily through the central theoretical concepts of least-squares optimization, basic NMO stack, and deconvolution applications in chapter ??.
In chapter ?? we see the formulation and solution of many problems in time-series analysis, prediction, and interpolation and learn more about mathematical formulations that control stability. Chapter ?? shows how missing data can be estimated. Of particular interest is a nonstationary world model where, locally in time and space, the wave field fits the model of a small number of plane waves. Here we find "magical" results: data that is apparently undersampled (spatially aliased) is recovered.
